Critical role of canonical transient receptor potential channel 7 in initiation of seizures by Phelan, K. D. et al.
Critical role of canonical transient receptor potential
channel 7 in initiation of seizures
Kevin D. Phelana, U Thaung Shweb, Joel Abramowitzc, Lutz Birnbaumerc,1, and Fang Zhengb,1
Departments of aNeurobiology and Developmental Sciences and bPharmacology and Toxicology, University of Arkansas for Medical Sciences, Little Rock,
AR 72205; and cLaboratory of Neurobiology, National Institute of Environmental Health Sciences, Research Triangle Park, NC 27709
Contributed by Lutz Birnbaumer, June 18, 2014 (sent for review April 10, 2014)
Status epilepticus (SE) is a life-threatening disease that has been
recognized since antiquity but still causes over 50,000 deaths
annually in the United States. The prevailing view on the
pathophysiology of SE is that it is sustained by a loss of normal
inhibitory mechanisms of neuronal activity. However, the early
process leading to the initiation of SE is not well understood. Here,
we show that, as seen in electroencephalograms, SE induced by
the muscarinic agonist pilocarpine in mice is preceded by a specific
increase in the gamma wave, and genetic ablation of canonical
transient receptor potential channel (TRPC) 7 significantly reduces
this pilocarpine-induced increase of gamma wave activity, pre-
venting the occurrence of SE. At the cellular level, TRPC7 plays a
critical role in the generation of spontaneous epileptiform burst
firing in cornu ammonis (CA) 3 pyramidal neurons in brain slices.
At the synaptic level, TRPC7 plays a significant role in the long-
term potentiation at the CA3 recurrent collateral synapses and
Schaffer collateral-CA1 synapses, but not at the mossy fiber-CA3
synapses. Taken together, our data suggest that epileptiform
burst firing generated in the CA3 region by activity-dependent
enhancement of recurrent collateral synapses may be an early
event in the initiation process of SE and that TRPC7 plays a critical
role in this cellular event. Our findings reveal that TRPC7 is inti-
mately involved in the initiation of seizures both in vitro and in
vivo. To our knowledge, this contribution to initiation of seizures is
the first identified functional role for the TRPC7 ion channel.
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Status epilepticus (SE) is a life-threatening condition in whichpatients suffer from continuous or rapidly repeating seizures.
Although SE has been recognized since antiquity, our un-
derstanding of its pathophysiology remains incomplete (1). The
generation of SE is a complex process involving a gradual loss of
normal GABA inhibition (2) and a buildup of overexcitation of
glutamatergic pathways (3, 4).
Canonical transient receptor potential (TRPC) channels
are a family of nonselective cation channels expressed widely
in neurons and glia in the brain (5). There are seven mem-
bers (TRPC1 to -7) in the mammalian TRPC family, and six
(TRPC1 and TRPC3 to -7) are expressed in humans (6).
TRPCs can be divided into TRPC1, TRPC4/5, and TRPC3/6/7
subgroups based on sequence homology and functional prop-
erties. TRPC channels can be either homomeric channels or
heteromeric channels, often but not always formed by members
in the same subgroup (7, 8). The expression pattern and func-
tional roles of TRPC7 are largely unknown. In humans, the
expression of TRPC7 is restricted to the brain whereas, in
rodents, TRPC7 mRNA has been detected outside the brain.
Here, we present evidence to suggest that TRPC7 plays a
critical role in the generation of acute seizures in a Pilocar-
pine (Pilo)-induced in vivo model of SE. The lack of SE in
TRPC7 knockout (KO) mice results from a reduction of Pilo-
induced increase in electroencephalogram (EEG) gamma
wave activity, and a reduction of long-term potentiation at
cornu ammonis (CA) 3 recurrent collateral synapses.
Results
To induce SE, mice were given a single dose of Pilo (280 mg/kg,
i.p.), a muscarinic agonist. In most WT mice (seven of eight
mice), Pilo induced SE (seizures did not reach SE state in the
remaining mouse). Our EEG recordings (Fig. S1) showed that
baseline brain activity was first suppressed after Pilo injection
(Fig. 1A, latent phase). This suppression is consistent with the
presynaptic inhibition of glutamatergic synaptic transmission by
muscarinic receptors. A brief burst of electrographic seizures
then appeared, followed by a stronger suppression of EEG ac-
tivity and a run-up to a longer burst of seizures (Fig. 1A). The SE
state appeared ∼15–20 min after the first burst of seizures was
detected. This pattern held true for every WT mouse in which
Pilo induced SE. It should be noted that the true start of the SE
phase occurs 40–50 min after Pilo injection. This starting point is
much later than the first observed occurrence of stage V con-
vulsive seizures, which occurred during the transition between
the latent phase and the SE. Furthermore, the true start of SE
was not discernible by behavioral observation. In five of seven
TRPC7 KO mice, the same dose of Pilo induced only suppres-
sion of EEG activity, and there were little Pilo-induced elec-
trographic seizures (Fig. 1B and Fig. S2). Sustained seizures that
partially meet the definition of SE (lasting longer than 30 min)
were induced by Pilo in the remaining two TRPC7 KO mice.
However, the root mean square (RMS) peak power of SE in
these two mice (688,102 and 689,734 μV2) falls below the normal
range of variation (713,533–1,181,504 μV2) in WT mice, and the
seizure activity disappeared before the end of the recording
period. Assuming that these two mice exhibited SE, there was
still a highly significant difference between the WT and TRPC7
KO mice (Fig. 1C) (P = 0.02, χ2 test, two-tail). Interestingly, the
Significance
Canonical transient receptor potential (TRPC) channels are
a family of polymodal cation channels. TRPC7 was the last
member of the TRPC family cloned, and the functional role of
TRPC7 in the brain is completely unknown. Here, we show that
genetic ablation of TRPC7 disrupts acute severe seizures in-
duced by pilocarpine in mice. This disruption is associated with
a reduction in pilocarpine-induced increase in gamma wave
activity that precedes the acute seizures. At the cellular level,
loss of TRPC7 shows reduced long-term potentiation at cornu
ammonis (CA) 3 recurrent collateral synapses, which is critical
for the generation of epileptiform burst firing in the CA3 re-
gion of the hippocampus. Our findings reveal a critical role for
TRPC7 in the generation of seizures.
Author contributions: K.D.P., J.A., L.B., and F.Z. designed research; K.D.P., U.T.S., and F.Z.
performed research; J.A. and L.B. contributed new reagents/analytic tools; K.D.P., U.T.S.,
and F.Z. analyzed data; and K.D.P., L.B., and F.Z. wrote the paper.
The authors declare no conflict of interest.
1To whom correspondence may be addressed. Email: birnbau1@niehs.nih.gov or
zhengfang@uams.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1411442111/-/DCSupplemental.
www.pnas.org/cgi/doi/10.1073/pnas.1411442111 PNAS | August 5, 2014 | vol. 111 | no. 31 | 11533–11538
PH
YS
IO
LO
G
Y
suppression of EEG activity in TRPC7 KO mice disappeared
about 3 h after Pilo injection, which is in agreement with the
reported nearly 90% elimination of Pilo from the brain after 3 h
in mice (9). Consistent with the reduction of occurrence of SE in
TRPC7 KO mice, the mortality after administration of Pilo was
also reduced in TRPC7 KO mice (Fig. 1D). Taken together, our
data indicate that TRPC7 plays a critical role in the generation
of Pilo-induced SE in mice.
To better understand how seizures begin and transition to the
SE state in the Pilo model, we conducted the RMS power
analysis of EEG signals (Fig. 2). In WT mice, after Pilo injection,
all frequency bands were initially inhibited. As time progressed,
the gamma wave activity recovered first and increased signifi-
cantly above the baseline by the end of the latent phase whereas
the remaining wave bands remained significantly inhibited (Fig. 2
A and B). This increase in gamma wave activity was associated
with convulsive behaviors corresponding to stage I–III seizures
on the Racine scale. In contrast, alpha, beta, and gamma wave
activities were all significantly increased above the baseline
during the SE phase (Fig. 2C). Thus, Pilo-induced electrographic
seizures were preceded by a selective increase in gamma oscil-
lation, suggesting that the cortical seizures were driven by a Pilo-
induced increase in gamma oscillation. In TRPC7 KO mice, this
Pilo-induced increase in gamma oscillation was significantly re-
duced (Fig. 2 D and E). However, activities in the other wave
bands were comparable between WT and TRPC7 KO mice (Fig.
2E). To determine whether the reduced gamma activity during
the latent phase in TRPC7 KO mice reflected a defect in the
generation of gamma oscillation, we analyzed the baseline
gamma activity in WT and TRPC7 KO mice. The mean RMS
power of the gamma oscillation in WT mice was 7,203.5 ± 614.9
μV2 (mean ± SEM; n = 6) whereas the mean RMS power of the
gamma oscillation in TRPC7 KO mice was 11,802 ± 2,240 μV2
(n = 7; P > 0.10; unpaired t test). Thus, the ability to generate
gamma waves was normal in TRPC7 KO mice. These observations
suggest that TRPC7 plays a critical role in the Pilo-induced increase
in gamma oscillation.
A previous study suggested that the behavioral manifestation
of seizures after kindling was associated with an increase in
gamma oscillation in the hippocampus (10). There are at least
two gamma wave generators in the hippocampus: one located in
the dentate gyrus and the other located in the CA3–CA1 region
(11). The intrahippocampal gamma wave is generated by the
extensive recurrent collaterals (RCs) in the CA3 region, and the
gamma activity then entrains the CA1 region via its interneurons
(11). The RCs also play a critical role in the initiation of epi-
leptiform burst firing in the entorhinal cortex (EC)-hippocampus
circuit (12, 13), and the epileptiform bursts may be the source of
gamma waves (14). These reports motivated us to investigate the
role of TRPC7 in spontaneous epileptiform bursts in the CA3
region of the hippocampus. We recorded CA3 pyramidal neu-
rons in horizontal slices in which the EC-hippocampal con-
nections are preserved and epileptiform burst firing can be
induced by either high K+ or bicuculline (12, 13). In WT mice,
the spontaneous firing pattern of CA3 pyramidal neurons was
converted from single spikes to burst firing with a plateau po-
tential during a 30-min bath application of 20 μM bicuculline,
and the epileptiform bursts persisted for at least 25 min after
washout of bicuculline (Fig. 3A). Each spontaneous burst con-
tained more than 20 spikes at very high frequency and was
followed by a slow and large afterhyperpolarization potential.
Membrane resistance, resting membrane potential, and firing
threshold of CA1and CA3 pyramidal neurons were normal (Figs.
S3 and S4), and the field excitatory postsynaptic potentials
(EPSPs) as a function of stimulus intensity were also compa-
rable with that of the WT mice (Fig. S5). Thus, loss of TRPC7
does not cause abnormal firing or faulty wiring in the hippo-
campus. However, the same bicuculline treatment resulted in
significantly reduced spontaneous epileptiform bursts in slices
from TRPC7 KO mice, with a mean frequency of 1.16 ± 0.20
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Fig. 1. TRPC7 plays a critical role in Pilocarpine-induced SE. (A and B) Root-mean-square (rms) power analysis of representative EEG signals from WT and
TRPC7 KO mice using the full bandwidth (0–1 kHz) and a 10-s window and averaged for each minute were plotted over 5 h after the administration of a single
dose of Pilo (280 mg/kg; i.p.). Note that, in a WT mouse (A), the SE (continuous seizures lasting more than 30 min) induced by Pilo was preceded by an initial
decrease of brain activity and two main peaks of increases corresponding to the bursts of seizures (*) in the EEG (shown in the Inset; the total time span was 60
min, and the y scale is from 2,500 μV to −2500 μV). However, in a TRPC7 KO mouse (B), there was only a decrease in brain activities after Pilo injection, and the
EEG activity returned to baseline at the end of the recording period. (C) Contingency table analysis of the role of TRPC7 in Pilo-induced SE. Note the sig-
nificant reduction of SE in TRPC7 KO mice (P = 0.02, χ2 test, two-tail). (D) Mortality in the first 24 h following Pilo injections was reduced in TRPC7 KO mice (n =
7, 5, 5) compared with WT mice (n = 24, 10, 23).
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burst per min in WT (n = 4) and 0.27 ± 0.11 burst per min in
TRPC7 KO (n = 7) (Fig. 3 A and B). In addition to inducing
spontaneous epileptiform bursts, bicuculline also resulted in
long-lasting hyperexcitability. A subthreshold stimulus of the
mossy-fiber (MF) pathway before bicuculline treatment eli-
cited epileptiform bursts afterward (Fig. 3C). The duration of
evoked epileptiform bursts measured by the number of spikes
per burst was 24.3 ± 4.4 in WT (n = 4) and 12.1 ± 0.9 in TRPC7
KO (n = 7), and the amplitude of the plateau potential was
36.1 ± 1.5 mV in WT and 26.6 ± 1.9 mV in TRPC7 KO (Fig. 3
C–E). Both parameters were significantly reduced in TRPC7
KO mice (P < 0.01). This reduction of spontaneous epileptiform
bursts in TRPC7 KO is consistent with the reduced gamma wave
activity and reduced SE after administration of Pilo.
Spontaneous epileptiform bursts can also be induced in the
CA1 area by bath application of muscarinic or mGluR agonists,
and we have shown previously that heteromeric TRPC1/4 channels
were critical (15). Interestingly, spontaneous burst firing induced
by mGluR agonists in CA1 pyramidal neurons in brain slices was
unaltered by genetic ablation of TRPC7 (Fig. 4). This observation
is consistent with our previous finding that epileptiform bursting in
CA1 correlates poorly with seizure activities in vivo (15).
The spontaneous epileptiform bursts in the CA3 region in
brain slices are generated by an increase in strength of RC syn-
apses that depends on activation of both NMDA receptors and
mGluRs (12, 13). Thus, reduced epileptiform bursts in TRPC7
KO mice may be caused by an impaired synaptic plasticity at the
RC synapses. To test this hypothesis, we investigated synaptic
plasticity in the CA3 and CA1 regions of the hippocampus. We
recorded the field EPSP at MF-CA3 synapses. Data were in-
cluded in analysis only after we confirmed that the evoked field
EPSP was blocked by 1 μM (2S,2’R,3′R)-2-(2’,3′-Dicarbox-
ycyclopropyl)glycine (DCG-IV), a group II mGluR agonist (16).
In WT mice, high-frequency stimulation (HFS) induced long-
term potentiation (LTP), which was 115.9 ± 41.5% above
baseline 30 min after HFS (n = 6) and frequently a large, slow
component that resembles the paroxysmal depolarization shift
(Fig. 4A). This finding is consistent with previous reports that
high-frequency stimulation induces epileptiform burst firing in
the CA3 region of the hippocampus. In TRPC7 KO mice, the
HFS-induced MF LTP appeared to be normal (96.6 ± 38.1%
above baseline 30 min after HFS; n = 5) (Fig. 5 A and B).
However, we failed to observe the slow component after HFS. At
the CA3 RC synapses, which were insensitive to DCG-IV, HFS-
induced LTP was significantly reduced in TRPC7 KO mice
(121.2 ± 4.7% above baseline 30 min after HFS; n = 6) relative
to WT mice (164.3 ± 7.8% above baseline 30 min after HFS; n =
6) (Fig. 5 C and D). Similarly, the HFS-induced LTP at Schaffer
collateral (SC)-CA1 synapses was also significantly reduced (Fig.
5 E and F). The field EPSP was 42.0 ± 6.5% above baseline 30
min after HFS in WT mice (n = 14), and 112.1 ± 6.4% above
baseline 30 min after HFS in TRPC7 KO mice (n = 12). These
results indicate that TRPC7 plays a critical role in synaptic
plasticity at selected synapses in the principal trisynaptic circuit
in the hippocampus. By reducing HFS-induced LTP at RC syn-
apses, genetic ablation of TRPC7 hinders the generation of ep-
ileptiform burst firing in CA3 pyramidal neurons. The reduction
of LTP at SC-CA1 synapses may also contribute to the reduction
of Pilo-induced increase in gamma wave activity.
Discussion
The main finding of this study is that TRPC7, the least un-
derstood member of the TRPC family, plays a critical role in the
generation of seizures both in vitro and in vivo. Its contribution
to synaptic plasticity, in particular at CA3 RC synapses, is central
to the generation of epileptiform bursts in the CA3 region of the
hippocampus in brain slices (Fig. 6). These bursts in turn sustain
the epileptiform bursts in the EC-hippocampus circuit (13). Al-
though other TRPC channels contribute both to the generation
of seizures and seizure-induced neuronal cell death, TRPC7
is the only member required for the Pilo-induced increase in
gamma wave activity that precedes cortical seizures in vivo.
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Fig. 2. Selective reduction of Pilo-induced increase in gamma wave activity
in TRPC7 KO mice. (A) The rms power analysis of EEG signals from repre-
sentative WT mice using a 10-s window and averaged for each minute were
plotted over 70 min after the administration of a single dose of Pilo (280 mg/kg;
i.p.). The normalized full bandwidth, the delta wave (0.5–4.5 Hz), the theta
wave (5–7.5Hz), the alpha wave (8–12 Hz), the beta wave (12–30 Hz), and the
gamma wave (30–50 Hz) were plotted. Note that, during the latent phase,
there was a noticeable increase in gamma wave activity whereas EEG ac-
tivities in other wavebands remained inhibited. However, once the SE state
was reached, there was an increase in multiple wavebands. (B) Pooled data
plotting the rms power measured over a 5-min period just before the first
appearance of cortical seizures in WT mice (n = 5). Note that, with the ex-
ception of the gamma wave, all other waves remained significantly inhibited
by Pilo at this time point (**P < 0.01; ##P < 0.01, one-sample t test). (C)
Pooled data plotting the rms power during the SE state measured at 60 min
after Pilo injection in WT mice (n = 5). Note that the full bandwidth and the
alpha, the beta, and the gamma waves were all significantly increased above
the pre-Pilo baseline (*P < 0.05; **P < 0.01, one-sample t test). (D) Pooled
data plotting the rms power of the gamma wave after Pilo injection in WT
and TRPC7 KO mice (n = 5 and 5, respectively). Note the significant reduction in
TRPC7 KOmice (***P < 0.001 for genotype effects, two-way ANOVA). (E) Pooled
data plotting the rms power measured over a 5-min period just before the first
appearance of cortical seizures in WT mice (n = 5) and during the same time
period in TRPC7 KOmice (n = 5). Note the highly significant reduction in gamma
wave activity in TRPC7 KO mice (***P < 0.001, t test).
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Our data reveal the importance of increased gamma wave
activity in the initiation of Pilo-induced SE. This increase pre-
cedes the first burst of cortical electrographic seizures by several
minutes and is associated with stage I–III convulsive seizures on
the Racine scale. It may provide the excitatory drive to an ap-
parent “kindling” process that leads to the appearance of brief
electrographic seizures. However, a causal relationship between
the gamma wave activity and the subsequent SE has yet to be firmly
established. There is a long transition period (more than 10 min)
between the first burst of seizure to the SE state. This transition
period is characterized by bursts of seizures followed by a silent
period with greater inhibition of EEG activity of all wave bands,
and this process repeats two to three times until the appearance of
SE. It appears that both excitation and inhibition are enhanced
during this transition period and it is the loss of inhibition after
several repeats of this cycle that leads to the SE state.
Gamma waves play a critical role in learning and memory and
are also implicated in a host of pathological conditions. The
normal gamma wave is generated by the interplay between the
inhibitory GABA interneurons and excitatory principal neurons.
Because the baseline gamma wave appears to be normal in
TRPC7 KO mice, it is unlikely that genetic ablation of TRPC7
significantly altered the normal neural network that permits the
generation of gamma wave activity. The fact that the Pilo-in-
duced increase in gamma wave is significantly reduced in TRPC7
KO mice suggests that a distinct mechanism underlies the
gamma wave activity that precedes the generation of seizures.
This distinction makes TRPC7 a highly attractive pharma-
cological target for antiepileptic drugs.
Genetic ablation of TRPC7 also disrupts LTP at CA3 RC
synapses. It has been shown previously that epileptiform bursts
in CA3 pyramidal neurons are generated by a NMDA receptor-
dependent, mGluR5-dependent enhancement of synaptic strength
at CA3 RC synapses (11, 12). Our findings suggest that TRPC7
plays a critical role in this process. The plateau potential un-
derlying epileptiform burst firing was thought to be mediated by
NMDA receptors (11). Therefore, one may expect that the
amplitude and duration of the plateau potential will not be signif-
icantly reduced in TRPC7 KO mice. Contrary to expectations,
our data indicates that the duration and the amplitude of the
plateau are significantly reduced in TRPC7 KO mice. This
finding suggests that TRPC7 may also amplify NMDA receptor-
mediated responses.
The only previously known critical player in the generation of
gamma waves and seizures is GluR6, a kainate receptor specifically
expressed in the CA3 region of the hippocampus (17). Our data
indicate that TRPC7, a little known member of TRPC family, plays
a comparable role in the Pilo-induced SE model. Although the
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involvement of kainate receptors in the generation of seizures is
well-known and long-suspected, the involvement of TRPC7 comes
as a surprise because previous studies have suggested that other
TRPC family members are more probable candidates. It is tempting
to hypothesize an interaction between GluR6 and TRPC7, given
the similar phenotypes of the knockout mice of GluR6 and TRPC7.
Any evidence for such an interaction awaits future studies.
Materials and Methods
Animal experimental protocols were approved by the institutional animal
care and use committee at University of Arkansas for Medical Sciences.
EEG Recording and Analysis. Screws serving as EEG electrodes were placed on
top of the dura through small holes drilled in the skull, and wires connected to
each screw were soldered to a head mount secured to the skull using dental
cement. A preamplifier connected the headmount to the AD/DA box (8200 se-
ries; Pinnacle Technology) mounted on a swivel plate to allow mice to move
freely. EEG signals, sampled at 400 Hz, were recorded with integrated video and
analyzed using Sirenia Seizure Pro software (Pinnacle Technology).
Electrophysiological Recordings. Transverse or horizontal slices of adult mouse
brain containing the hippocampus were obtained from 2- to 5-mo-old WT
and TRPC7 KO mice (18) in a 129Sv/C57Bl6 mixed genetic background. The mice
were anesthetized with ketamine (80 mg/kg) followed by decapitation. Serial
400-μm-thick sections were cut with a Vibraslice (WPI), as described previously
(19), and allowed to recover in oxygenated artificial cerebrospinal fluid (ACSF)
for at least 1 h at room temperature before recording. For intracellular record-
ings, glass microelectrodes filled with 3M sodium acetate were used as described
previously (15). For field potential recordings, glass pipettes were pulled from
filamented borosilicate glass filled with ACSF (15). Field EPSPs were recorded in
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average of 12 consecutive recordings collected at 0.2 Hz. (F) Field EPSP slopes for each minute were determined by averaging 12 consecutive field EPSP recordings in
each mouse, and the normalized means and SEs were plotted (P < 0.01 for genotype effects, two-way ANOVA; n = 14, 12 for WT and TRPC7 KO mice).
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Fig. 6. TRPC7’s role in the initiation of seizures. We propose that TRPC7 is critical for mGluR1/mGluR5-mediated enhancement of NMDA
receptor-dependent long-term potentiation at SC synapses in CA1 and RC synapses in CA3. The enhanced LTP at RC synapses in CA3 contributes to the
initiation of epileptiform bursts in CA3 whereas the enhanced LTP at SC synapses contributes to hyperexcitability and the generation of ictal activities
in CA1. EC, entorhinal cortex; DG, dentate gyrus; MF, mossy fiber; RC, recurrent collateral; SC, Schaffer collateral; Sub, subiculum; PF, perforant path.
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the current-clamp mode with an Axoclamp 2B amplifier (Molecular Devices) and
digitized using a model 1322A Digidata interface and pClamp 10 (Molecular
Devices). For LTP experiments, the stimulus intensity was adjusted to produce
a field EPSP approximately the half of maximal amplitude (Fig. S5).
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